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ABSTRACT

The effects of stage size and orbit rendezvous mode on
payload weight are analyzed for manned planetary flyby missions
which utilize a new high performance cryogenic stage for bEarth-
escape propulsion. It is found that for three-launch missions
using standard Saturn V's, payload can be increased approximately
50,000 1b., as compared to previously discussed results (Reference 1)
based on a 110,000 1b. stage, through proper selection of stage
size and/or rendezvous mode. Maximum performance is attained
using three-stage launch vehicles, a cryogenic injection stage of

around 200,000 1lbs. gross weight, and an elliptical rendezvous
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INTRODUCTION

Previous Bellcomm studies of a high-performance cryogenic

stage for manned planetary flyby missions (Relerences 1 and 2)
have concentrated on a H2/O2 stage of roughly 110,000 lbs. gross

welght, with rendezvous and assembly operations taking place in a
two-day period parkilng orbit. The basis of this selection was
that a stage of this size could be placed into the two-day orbit
by a single three-stage Saturn V launch vehicle, from where it
could then inject a 180,000 1lb. spacecraft onto a Mars twilight
flyby trajectory. The spacecraft would be placed into the
rendezvous orbit in two pileces, making a total of three launches.

The same could be accomplished (i.e., injection of a
180,000 spacecraft onto the Mars flyby, with a total of three
launches) using a much larger stage (- 240,000 1lbs. gross weight)
and circular orbit rendezvous. In this case two propulsion
modules would be required and the spacecraft would be launched
into orbit in a single unit. However, the smaller stage size
was preferred since it would be better suited for other appli-
cations such as a lunar logistics landing stage or as a Saturn
V fourth stage for unmanned missions. The smaller stage would
also presumably be cheaper to develop.

Nelither of these options, however, makes full use of
the launch vehicle performance capability. Using the two-day
period assembly orbit and the 110,000 1b. injection stage, the
180,000 1b. spacecraft is put into orbit in two pieces, e.g.,
one of 110,000 1lbs. (approximately the maximum capacity of the
3-stage Saturn V to this orbit), and the other of 70,000 1lbs.
The latter leaves part of the performance capacity of the launch
vehicle unused. The second option, of using a larger stage
and circular orbit rendezvous, as specified above does not
utilize the full capacity of any of the launch vehicles.

Better overall utilization of the launch vehicles,
which is to say maximum injection velocity for a given payload
or vice-versa, can be obtained by (considering three-launch
missions):
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1. Allowlng a larger propulsion stage, and reverting to two
propulsion-stage launches and one spacecraft launch, with
the spacecraft placed in the maximum eccentricity orbit
of which the launch vehicle is capable, and/or

2. Allowing both the spacecraft and the out-of-orbit
propulsion to be divided into two pieces. That is,
one launch vehicle carries a propulsion module, one
carries the larger piece of the spacecraft, and the
third carries both a propulsion module and the smaller
piece of the spacecraft. On this last launch the
propulsion module uses part of its propellant to
transfer itself plus the smaller piece spacecraft from
a lower intermediate orbit to the final rendezvous
and assembly orbit. This mode is applicable whenever

the total spacecraft weight exceeds the propulsion
module weight.

ANALYSIS AND RESULTS

The launch vehicle performance was based on the currently
quoted capability for SA-516. The two-stage version has a capacity
of about 274,000 1bs. to a 100 nautical mile circular orbit; this
weight includes everything above the S-II stage. Thus the payload
adapter (or aft interstage if the "payload" is a propulsion stage)
and IU must be subtracted out to get actual payload. To be
conservative, this was assumed to total 12,000 1lbs. in all cases
(approximately the weight of the S-IVB aft interstage plus the
current IU) so that net payload to a 100 nautical mile orbit is
262,000 1bs. The AV available, above that required for a 100
nautical mile circular orbit, for smaller payloads was calculated
from the ideal AV equation assuming no change in gravity losses.
The three-stage version was assumed to have a capability of
100,000 1bs. to trans-lunar injection and 264,000 1lbs. in a
100 nautical mile orbit; these payloads are everything above the
IU. The complete payload velocity curves are shown in Figure 1.

The payload which can be injected from the rendezvous
orbit was calculated as a function of the injected velocity of
the payload, expressed as total AV above a 100 nautical mile
circular orbit. In all cases, the injection propulsion modules
were assumed to have a specific impulse of U460 sec. and mass
fraction of 0.9. Results are presented only for the case of
three-launch missions.

MODE 1

The first mode considered simply uses two propulsion
modules, each put into orbit with a single launch, and one spacecraft
launch. The spacecraft is placed into the most eccentric orbit
(with periapse altitude specified as 100 nautical miles) which is
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possible for that welght with the Saturn V launch vehicle. 1If
the propulsion module weight is greater than the spacecraft
weight, the propulsion modules are also placed into the most
eccentric possible orbits (lower than the spacecraft orbit).

A first burn is then used to transfer each propulsion module

up to the spacecraft's orbit where rendezvous and assembly take
place. If on the other hand the spacecraft is heavier than

the propulsion module, then the propulsion modules are brought
up to the spacecraft's orbit by the launch vehlcle directly.

In either case, the propulsion modules are assumed to be docked

with the spacecraft and ignited in series to provide the earth
departure injection AV.

The injection velocity was calculated as a function of
payload weight, for either two-stage or three-stage launch vehicles.
In both cases, the variation of injection velocity with propulsion
module gross weight was also determined for various spacecraft
weights. The following results were obtained:

a. Three-stage launch vehicles - The optimum propulsion
module weight is always equal to or greater than the
spacecraft weight. However for a fixed spacecraft
weight the curves of injected velocity vs. propulsion
module weight are quite flat as shown in Figure 2, so
that it is possible to pick a propulsion module weight
which gives near-maximum performance over a range of
spacecraft weights. A good value appears to be about
200,000 1bs., since this gives near optimum performance
for spacecraft weights of 200,000 1lbs. or less,
although it falls off sharply for spacecraft weights
greater than 200,000 1bs. Thils sharp falloff 1in
performance for a fixed propulsion module weight
always occurs when the spacecraft weight exceeds
propulsion module weight, regardless of what the
propulsion module weight is. The reason for this is
that although the launch vehicle performance would
allow placing the propulsion module in a higher
orbit than the spacecraft, it would not be possible
to rendezvous without first applying a retro AV to
the propulsion module, which would be wasteful;
therefore, the propulsion module 1s placed directly
into the same orbit as the spacecraft, and therefore,
the launch vehicle performance is not fully utilized.

This effect is illustrated in Figure 3 by curves
A and B which are for 200,000 lbs. and 180,000 1bs.
stages respectively. For payloads less than 180,000
1b. the two curves are essentially identical; curve
B slopes off rapidly for payloads greater than 180,000
l1bs. and curve A for greater than 200,000 1lbs.
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Thus something like 200,000 lbs. appears a reasocnable
choice for stage size in this operational mode slnce it
allows near-optimum performance. for spacecraft weights
up to 200,000 lbs. Larger stages give better performance

only if the spacecraft weight 1s greater than 200,000
1bs.

b. Two-Stage Launch Vehicles - The launch vehicle modifications
required to permlt carrying stages or spacecraft greater
than about 135,000 1bs. on top of an S-IVB have not yet
been studied. Therefore, the injectlion performance under
the constraint of two-stage launch vehicles has also

W
been investigated.

In this case, it appears that performance 1is
optimized with a stage of S-IVB size or somewhat greater
and using suborbital start. However, only a very small
net performance penalty is indicated if the stage size
is selected as the 100 nautical mile circular orbit
capability of the two-stage Saturn V (262,000 1bs.);
furthermore, these calculations did not account for
increased Saturn V gravity losses as the stage weight
increases, which would decrease slightly the actual
optimum stage size. Placing the injection propulsion
module into a circular orbit initially rather than
using a suborbital start also simplifies operations
somewhat since one less engine start of the module is
required. The injected payload capability vs. injection
velocity, using 262,000 1lb. stages plus two-stage
Saturn V's, is shown as curve C in Figure 3. 1In this
case, the stages are first put into a low circular
orbit and then burn up to the elliptic rendezvous
orbit where they are joined with the spacecraft.

Since in this case near-optimum performance is
obtained with the spacecraft placed 1n elliptic orbit
pbut the propulsion modules initially in a circular
orbit, the penalty for carrying out the rendezvous
and assembly operations in the low circular orbit
altogether was assessed. This is shown by curve D
in Figure 3. For large payloads, the penalty 1s
quite small, but increases somewhat with decreasing
payload (or increasing injection velocity), e.g.,

a payload difference of about 11,000 1bs. at the
velocity for a triple-planet flyby mission.

Two important conclusions can be drawn from the
curves of Figure 3: First, that in the range of
velocities including Mars twilight flybys and the
multi-planet missions of interest (- 15,000 -

17,000 fps), the two-stage launch vehicles with S-IVB
size out-of-orbit injection stages provide essentilally
the same performance as three-stage launch vehlcles
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plus a somewhat smaller injection stage. Furthermore,
if the two-stage launch vehicle configuration with the
large new cryogenic injection stage is selected, then
the penalty for dropping back to the circular orbit
rendezvous mode is relatively small, 10,000 lbs. or
less in payload. Secondly, any of these options in
Mode 1 provides a large payload increase--between
40,000 and 70,000 1lbs.--as compared with the baseline
mode (one 110,000 1lb. injection stage, spacecraft

launched in two pieces) which is indicated by the
dotted curve in Figure 3.

MODE TT

The reason that the baseline mode is relatively inefficient
is that one of the launches only carries a partial load--the smaller
piece of the spacecraft. This can be remedied by carrying a two-
plece out-of-orbit propulsion system as well as a two-piece
spacecraft, such that the full capacity of all three launch vehicles
1s utilized. One way of doing this would be to carry a small
propulsion stage on the same launch as the smaller part of the
spacecraft, e.g., for a gross spacecraft weight of 180,000 1lbs.,
one launch vehicle would carry a 110,000 1lb. propulsion module,
one would carry a 110,000 1lb. piece of the spacecraft, and the
third would carry a 70,000 1b. spacecraft package plus a 40,000
lb. propulsion module. However, developing two different
propulsion modules for flyby missions has obvious drawbacks.

An alternative 1s to carry two ldentical propulsion
modules, one launched by itself and the other combined with
the smaller spacecraft package. The latter combination is too
heavy to be launched directly into the elliptic rendezvous orbit
where the other propulsion module and spacecraft package will
be; it 1s first placed in an intermediate orbit. The propulsion
module is 1gnited to transfer itself with part of its propellant
remaining plus the small spacecraft package to the final orbit.
The remaining propellant in this propulsion module plus the
full capacity of the other is then available for the earth
departure injection burn.

More complicated docking and injection operations are
inherent in this mode. One possible sequence is to dock the two
spacecraft pieces together, with the propulsion modules at opposite
ends (and pointing in opposite directions). The partially
depleted one is fired first during the injection maneuver and then
jettisoned. The whole spacecraft must then be turned 180° before
the full propulsion module is ignited.

The sequence of events in this mode is illustrated in
Figure 4.
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The Mode II 1s applicable of course only if the pro-
pulsion module welght 1is less than the total spacecraft weight.
Otherwise, it simply reduces to Mode 1.

This mode significantly increases the injection performance
of the 110,000 1lb. stage as compared with the baseline mode;
e.g., for a Mars twilight flyby the payload is increased about
40,000 1lbs. as shown in Figure 5. Thus, with Mode II the 110,000
lb. stage 1s competitive with larger stages using Mode 1. However,
the performance of larger stages can also be significantly Improved
with Mode II rendezvous when gross spacecraft weight exceeds
propulsion module weight. Figure 5 includes payload-velocity
curves for several different propulsion mcdule weights (W M)

SN S R )

using Mode II whenever WL > WPM to avoid the performance dropoff

with Mode 1 (Figure 3). A propulsion module gross weight of about
200,000 1lbs. now seems to be near optimum over the entire range
of injection velocities regardless of spacecraft weight. The
injection payload is 10,000 - 20,000 1lbs. greater than with
110,000 1b. modules plus Mode II, and is anywhere from 40,000

to 70,000 1lbs. greater than the baseline mode. Note that

scaling effects of the stage size have not been included in this
analysis; i.e., it is to be expected that the propellant fraction,
A, will be somewhat better for larger stages, whereas a fixed A

of 0.9 was assumed for all stages.

CONCLUSIONS

The following are deduced from the results given above,
for three-launch missions and assuming a new cryogenic stage with
ISp = 460 sec. and » = 0.9:

1. Maximum performance is attained with three-stage
launch vehicles plus injection stages of about
200,000 1bs. gross weight, using the Mode II
rendezvous previously described 1f spacecraft
weight is greater than 200,000 lbs.

2. Comparable although slightly lower performance can
be attained with two-stage Saturn V's and a larger
injection stage--essentially an S-IVB replacement.
The payload decrement for a given velocity is
generally around 10,000 - 15,000 lbs. still using
elliptic orbit rendezvous.

3. If two-stage Saturn V's plus the large injection
stage are used, circular rather than elliptic orbilt
rendezvous can be utilized with a relatively small
additional payload degradation--about 10,000 1bs.
or less for flyby missions.




BELLCOMM, INC. -7 -

4., If for other reasons small injection stages (on
the order of 110,000 lbs. gross weight) are preferred,
flyby mission payload can be increased about 40,000
1bs. by using Mode II rendezvous, as compared to the
baseline mode of one 110,000 1b. injection stage
launch and two spacecraft launches. In this way the
small stage can be made competitive with, although
still 10,000 - 20,000 1lbs. below, the injected payload

capabillty of larger stages.
§
!w ) g
1013-HSL-pdm H. London

Attachments:
References 1 and 2
Figures 1-5
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